Abstract
Introduction
DNA methylation has been for a long time speculated to be associated with plant ageing (BONGA, 1982) , despite the lack of strong experimental data to support this idea (RAZIN and RIGGS, 1980) . The prevailing hypothesis was that during the ontogenetical development of higher plants, genomic DNA could become more methylated, resulting in the modification or on and off switching of gene expression responsible for the variation of the maturational traits noticed (HOLLIDAY and PUGH, 1975; RAZIN and RIGGS, 1980) . Access to analytical methods for quantifying overall 5mC based on high performance liquid (HPLC) or even more sensitive capillary (HPCE) electrophoresis (FRAGA et al., 2002a) has given the opportunity to study this topic more extensively, especially on higher plants (FINNEGAN et al., 2000) . Recent findings on Pinus radiata strengthen the view that DNA methylation, particularly in meristematic tissues, increases with ageing, to the extent that these authors have proposed to use the degree of methylation of genomic DNA as a physiological ageing marker in close relationship with the morphogenetic capacities of their experimental plant material (FRAGA et al., 2002c) . However, so far, this conclusion is only supported by a very limited number of concrete results, particularly in trees. In larch, no significant difference of DNA methylation was observed between juvenile and mature scions (GREENWOOD et al., 1989) whereas, in Sequoiadendron giganteum, mature-like field growing clonal offspring derived from a 100-yr-old tree showed significantly lower DNA methylation rates than the rejuvenated line from the same original tree issued from meristem culture and maintained in vitro (MONTEUUIS et al., 2008) . Tissue culture conditions seem to induce noticeable quantitative (hypermethylation) and qualitative changes in DNA methylation of the genome, which have been so far mainly investigated with regard to somaclonal variation, but more seldom related specifically to physiological ageing (LAMBÉ et al., 1997; VALLE-DOR et al., 2007) . However, for tissue cultured chestnut, HASBUN et al. (2005) found higher levels of methylated DNA in the juvenile-like microshoots than in the more mature-like ones originating from older parts of the same donor tree. In the heteroblastic tree species Acacia mangium Willd., DNA methylation degree was also higher in microshoots exhibiting a juvenile morphology than in their mature-like homologs from the same donor tree, regardless its age, while more qualitative agerelated DNA methylation markers could be detected by MSAP (BAURENS et al., 2004) .
Ageing takes place in the apical meristems, as clearly demonstrated for a long time by leaf morphological changes in relation to the successive steps of ontogenetical development in heteroblastic species or in species with salient foliar dimorphism between juvenile and mature stages (SCHAFFALITZKY DE MUCKADELL, 1959) . The intensity of the phenomenon varies according to the within-shoot position of the meristem, the apical meristems being ontogenetically older than the axillary ones (FORTANIER and JONKERS, 1976; HACKETT, 1985 (HACKETT, 1985; PIERIK, 1990; MONTEUUIS, 2004a) .
The effect of these various factors on DNA methylation, not assessed yet, were analyzed on Acacia mangium, emphasizing the real advantage of choosing an heteroblastic species for studying the various aspects of ageing (SCHAFFALITZKY DE MUCKADELL, 1959; MONTEU-UIS, 2004a ).
Materials and Methods

Plant material
Apical buds collected from 2 to 3 cm long microshoots were used for the in vitro mature and juvenile sources of plant material. The mature source "5" was a clone initially obtained from 1 to 2 cm long nodal explants collected from the lower part of the crown of a 7-year-old mature Acacia mangium plus tree "5" growing outdoors in Sabah, East Malaysia. The juvenile source "P5" consisted of a mixture of seedlings germinated in vitro from the above mentioned "5" plus tree. These two sources of plant material had been kept for 6 years under micropropagation rigorously in the same conditions on a multiplication medium as specified in MONTEUUIS (2004a and b) , before collecting at the same time the samples for analyses. Microshoots from both sources grew in vitro developing juvenile morphology compound leaves with pinnates transforming gradually into the phyllode mature type, and vice versa alternately over time as stem elongated. Within each age class, the juvenile-like microshoots "J" bearing compound leaves only were separated from the mature-like ones "M" showing phyllodes exclusively (see Fig. 1 ). This gave rise to four classes of plant materials, "5J", "5M", "P5J", "P5M", resulting from the combination of the 2 different age classes ("5" and "P5") X the 2 different morphological types ("J" and "M"). These four classes were compared with regard to the degree of DNA methylation of their respective apical buds in the first experiment.
For the second experiment, apical buds and the closest axillary ones situated just underneath were collected from elongating shoots from the lower part -1 to 2 m above soil level -of a 4 yr-old and 19-20 m tall tree growing in Sabah, East Malaysia. This tree, bearing phyllodes exclusively and thus considered as physiologically mature (HACKETT, 1985) , derived from clone 5 microshoots (MONTEUUIS et al., 2003) . DNA methylation rates of these two origins of ex-vitro buds and of their in vitro apical homologs produced by the mature-like microshoots "5M", and collected at a different date than for the first experiment, were compared.
The "buds" used for the analyses consisted in fact of the bud per se -1 to 2 mm as overall size -plus a short portion of shoot underneath, which corresponded to a total length of 5 mm for the whole bud sample.
Each category of plant material was immediately frozen after trimming in liquid nitrogen, then stored in a freezer at -80°C.
Genomic DNA extraction
Plant material DNA extraction was performed using a MATAB (Mixed Alkyl Trimethyl Amonium Bromide) procedure with the additional information: 250mg of plant sample were ground in liquid nitrogen then immediately incubated in 2 ml of pre-warmed extraction buffer (100 mM Tris-HCl pH 8, 20 mM ethylenediaminetetraacetic acid (EDTA), 1.4 M NaCl, 2 % w/v MATAB, 1% w/v Poly Ethylene Glycol (PEG) 6000 and 0.5 %w/v Sodium sulfite, 20 % w/v Igepal CA630, 20 % w/v Lithium Dodecyl sulfate, 20 % w/v Sodium deoxycholate) at 74°C for 20 min. After purification with 2 ml of CIAA (Chloroform/Isoamylalcohol 24:1, v:v), DNA extracts were precipitated with 1,6 ml of isopropanol then resuspended in 1 ml of buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 0.7 M NaCl) before purification on anion exchange columns QIAGEN TIP 20 following the manufacturer's instructions (QIAGEN, Valencia CA, USA). 
HPLC analyses
The method employed for DNA enzymatic hydrolysis was adapted from Jaligot et al. (2000) . DNA samples (20 µg each) were added to 10 microliter of a 0.5 U/µl solution of nuclease P1 (Sigma N8630) and 35 µl of a 0.017 U/µl solution of alkaline phosphatase (Sigma P4252). The reaction volume was adjusted to 200 µl with the digestion buffer (30 mM NaCH 3 , 0.1 mM ZnCl 2 , pH 5.3). Hydrolysis of DNA to nucleosides was performed in triplicate at 37°C for 3 h. The reaction was stopped by the addition of 490 µl absolute ethanol; then the samples were centrifuged at 11,000 g for 15 min. The supernatant was transferred to a new tube, vacuum-dried and nucleosides were resuspended in 1 ml of sterile water. The extracts were then filtered (0.2 µm) prior to HPLC analysis. An isocratic elution method was followed using a modified version of the buffer described by GEHRKE et al. (1984) : 50 mM KH 2 PO 4 , 8% [v/V] methanol, pH 3.5 (instead of 4.4), on a Supelcosil LC-18S reverse-phase column (SUPELCO Inc., Bellefonte, Pa., 25 cm x 4.6 mm; particles diameter: 5 µm), with a flow rate of 0.8 ml/min and a run time of 30 min. The improved conditions used allowed highly efficient separation of the peaks corresponding to deoxycytidine (C) and uracil (compounds identified by their respective retention time and UV spectra). The effluent was monitored at the wavelength of 285 nm with a photodiode array detector (Beckmann Germany). The percentage of 5 mC was calculated using the formula: 5 mC/(C + 5 mC) where 5 mC and C correspond to the automatically integrated surface areas of the respective chromatograph peaks.
Statistical analyses
Sixteen to eighteen and ten to thirteen independent analytical HPLC measurements, corresponding to eight and five different extracts, were performed for each origin of the first and second experiments, respectively. The data were statistically treated using first an analysis of variance computer program (GLM procedures, SAS Institute, Inc. 2000), then the Student-Newman Keuls mean comparison test (SOKAL and ROHLF, 1995) when the effect of the factor tested was found statistically significant. A probability level of P ≤ 0.05 was considered significant for all the statistical analyses. Results are expressed as means.
Results and Discussion
DNA methylation was found to be significantly influenced (P < 0.0001) by the four categories of in vitro plant material assessed in the first experiment (Fig. 2) , with the higher rates for the seedling-issued plant material exhibiting the juvenile morphology "P5J", and the lowest scores for the mature origin "5M" bearing phyllodes exclusively. These results demonstrate once again (BAU- RENS et al., 2004; MONTEUUIS, 2004a and b) that in tissue culture conditions, a mature Acacia mangium genotype can rejuvenate, at least to some extent, by recovering certain juvenile characteristics like the production of composed leaves associated to a higher proportion of methylated DNA cytosine, similarly to what was observed for the juvenile plant material. The fact that the analogy between of "P5J" and "5J" methylation rates was even stronger in a previous experiment (BAURENS et al., 2004) could be due to the possibility for phase-relat- ed traits to vary not necessarily with the same intensity at the same time (BORCHERT, 1976; POETHIG, 1990; LAW-SON and POETHIG, 1995) , as already observed for organogenic criteria on the same plant material and in the same experimental conditions (MONTEUUIS, 2004b) . Statistical analyses confirmed for the current study a marked influence (P < 0.0001) of the age of the plant material, irrespective of its morphology, on the degree of DNA methylation, higher for the younger source than for the mature clone (23.4 % vs 21.8 % as respective average values combining data for juvenile and mature leaf morphology for each age source). This finding is consistent with other observations on different species (GREENWOOD et al., 1989; HASBÚN et al., 2005; MONTEU-UIS et al., 2008) . Buds from microshoots exhibiting a juvenile morphology, irrespective of their age, had a noticeably higher proportion of methylated DNA cytosine than their homologs from the mature phyllode-type, with respective average values of 23.2 % vs 22.1 % (P < 0.0011) when combining the two age classes. This is consistent with the conclusions of previous experiments on the same material (BAURENS et al., 2004) , which did not point out also any age-related significant effect of shoot morphology on DNA methylation.
The three different origins of plant materials analyzed in the second experiment showed a marked DNA methylation rate contrast (P < 0.0001), as illustrated in Fig. 3 . Apical buds from outdoor elongating shoots appeared to be far less methylated (20.9 %) than the axillary buds located just underneath (25.2 %), thus ontogenetically slightly younger (FORTANIER and JONKERS, 1976) . This suggests again (GREENWOOD et al., 1989) that ageing, at least from an ontogenetical standpoint, may not be always associated with higher DNA methylation rates, contrary to what has been speculated for many years (BONGA, 1982) . Another aspect to take into consideration is that the apical buds were physiologically active, contrary to the axillary ones which became resting from the time they were formed by the organogenic apical meristem, and resting shoots were reported to be higher methylated than elongating ones (HASBUN et al., 2005; VALLEDOR et al., 2007) . This could explain the difference in methylation degree found between these outdoor resting axillary buds and the actively growing apical ones produced by the in vitro microshoots of the same clone and phyllode morphology, also less methylated (22.6 % vs 25.2 %). However, several morphological and organogenic indicators, such as adventitious rooting ability (MONTEUUIS, 2004a and b) , suggest that these in vitro shoot tips might be physiologically younger (BORCHERT, 1976; BONGA, 1982; HACKETT, 1985) than their outdoor homologs, which could account for the higher levels of DNA methylation observed for the formers. This should not rule out the influence of possible in vitro culture-induced effects on DNA methylation of tissue cultured plant materials not necessarily associated with ageing (LAMBÉ et al., 1997; HASBUN et al., 2005; VALLEDOR et al., 2007) . There is obviously a need to pursue such comparative in vitro versus ex vitro ageingrelated DNA methylation analyses and in this respect, the possibility to use plant material of the same clone to prevent genotypic interferences constitutes a real advantage.
The DNA methylation rates for the various types of plant materials investigated in our study ranged from 20.9 % for the apical buds collected from field elongating shoots to 24.2% for the "P5 J" in vitro samples. The slight differences between the two experiments noticed for the same category of plant material, "5M" samples for instance collected at two different dates, could be due to unpredictable variations of physiological state in the course of time already argued with regard to capacity for in vitro organogenesis of the same plant material (MONTEUUIS, 2004 a and b) . Increment of DNA methylation rates according to the time spent in tissue culture conditions were also reported for various species (VALLE-DOR et al., 2007) . The experimental values obtained in this study are consistent with the levels of DNA methylation reported in the literature for many plants, mostly Angiosperms but also Gymnosperms (MONTEUUIS et al., 2008) , utilizing the same HPLC methodology (DIAZ-SALA et al., 1995; FINNEGAN, 1996; FRAGA et al., 2002a) . The much higher 5 mC methylation rates reported by FRAGA et al. (2002b) in Pinus radiata could be due to the nature of tissues used for the analyses (FRAGA et al., 2002a and b) , with the possibility thanks to the bigger size of Pinus radiata meristems and to the higher sensitiveness of HPEC than HPLC technology (FRAGA et al., 2002 a) , to restrict the investigations to the meristematic tissues only. This was not possible for Acacia mangium, like for a lot of species due to the much smaller size of the meristems -30 to 40 µm as overall height -and the bigger quantity of tissue samples required by the HPLC. The much bigger amount of differentiated versus meristematic tissues which constituted the bud samples analyzed in our study may explain the differences in DNA methylation observed with FRAGA et al. (2002) . The particularities of HPEC protocols could also account for the higher DNA methylation values relevantly obtained than usually reported for HPLC (FRAGA and ESTELLER, 2002; FRAGA et al., 2002a; VALLEDOR et al., 2007) .
